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I. SPECiaC RecaTIviTY
/.l SPACETIME

BPC‘QUSC. o SPEE’d -‘J‘)C !tsb'\t M VAU U M ls‘
the same 1n all referevce ]Crawuos uclor({.u«q
to Maxwell's egualions we can IMagmf.

Cons ;(;fe gl “;T

et (mfsec)(sec) = (m)

to be the 0% Aimevsion 14 spacetime .
Bt

weo rid line af
partiwcle ; slope =1
because 11 = ¢

o 1z 3

An event s described b:r r o= (ct)x)tj,g)_
Because fn'fovmatmw' travels at f
eveul B s C_aura(ly connecied to eueMt A,
at the ovigin, eveat B must be wcthia
the h'e‘:?l'ni' done .

=

[-2 DISTANCE IN _SPACETINME
nov — ac:e!twatfnf (’nutu;()
What s r2 7 Consic(er 2[“"{”““" ro e S
ct ct’

S
FIG. 1.2 | e
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Y,z

We cheose the eriguns te be the Sawe,
X=q=2=0 s the sawe Potut as x’ (]‘
whew ¢t = ct'=0. Frome S huvin
the (x :x’) oLtreeTn:m tu‘t‘(l'tl ?‘?SP’C r

iut.-dl fefO(_;tj Be .

“”\

S

(s}

A pulte d{. EM radrateon s enuted al
(et x Y 1‘:\ (ct' %)y’ ') =0 . In ether
frame it s a bubble expamotmj frum The

3D 6r:'gm‘ :
x? +u{ 4 o= oMt
AT Y =c7t'z,
O xtegiotT = T Pyt (1)

for the bubble.

So we de{mé the dstavee Ar befween

2 eveuls i and 2 to be

r? = ct(ty-t, YO xg-x, ) Sy Yp ) (1.2)
Had we used @ mstead of (1-1) wouwld
have frrrced the _
distavce befween 2 cvents o be d:[erent‘
whe n vieg'ed 11 A.Ifue.ut frames .
Dr.s'f'awas_bdweew evenls are called

timelike if Ar*>0 (c4t%> [AF17D

hskt'hke; = =

Sgoceh’k& < =
£xcepf 'fcrr ?Mnlum mechancal Eﬁ‘ec.?r, rs
of eveuts cau be causa connecfed ont ff
‘the int erval bcf*weeu thew s f:m'e,i"{fc
(wn‘fun f:f«e hjfxt cone ) or hc‘j»hthke (o
the .\'usht cene) -
/-3 ROTATION (N 2D SPACE

o
’
re (x)({s ad r'=(¥2‘f'} dre. ) j'j FIG.1-3
the toordinates 63( Pomt‘ A as = R
viewed 1M S er S/. From the <
didgvam , whew €<l we obton |7
the mfu;tes:»ud ‘f’m«sfar'mntmv\ *
"= x+ Q-j
'j :—BX-FtJ {!'3')

The dustouce between in\["A and the origu
s

¥ ‘= X Z-t
2 Xﬂ.* st neglect

Y

(x+9‘j)+ (y- ex )"
K'L‘;Z.e—x'j-f-'j Jg-ﬂ‘ﬁ )

r

When 6 15 not <« (1.3 becomes
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x'= SO X+ Simby
tJ’= ——Sm‘éx-rcosgcj °

oS8 s

X
-SIné oS

9

gt e Wi

For non rr'i-fm‘l{QSlma-[ r‘a‘[at-ou's :f: s shll.
frue that r’*= r? because SO +cos?o = 1.

[-4 INFINITESIMAL TRANSFORMATION IN 2D
SPACETIME_ H B

ct’

r=(ct,x) and r'= (ct’,x) t

dre ﬂt€ coordinates cf
pomt A as viewed (W SorS
From the Marem, when ﬁ,«f ,

’ I
ct | -
L)
iy
W h (ir.ﬁc[ we draw the ({iﬁ:ﬁraw . thas
Pe¢ulfar4 way reqwr'w-' a © rather
than tThe wusual @ stl‘l where mdicated 7
The dustavee hetween eveut A and the
o -tn.l E-S
rl = C?f 2_ x?.
F?E 2t et o= (cf_ﬁx)z-(x-ﬁct)t
= ()"~ 2pctx —x*e2pctx +HpY
rt v
araw s nec@SSan); fo ,fmc.c

X
FIG |.4
(1.58)

X = xopct
ct’ = =px+ct

ct
X

negh’ct

The Pecu.llaf" Ara

r.e‘2= r.'!..

The nonrelotivishe Galdled trows for mation
s obtawed fr‘ﬂm Eq. (1.5) 155 ’:‘1"'0"”{?
—Px wh respect to ct :

'

X = X -ﬁct‘
t’'a t
Youp used this Transfermation (P"’h‘f’s

witheut realzing 1t) 4o solve distarce
rate X time Pr‘ubfﬂms " hfik school .

x-ut

(1.6)

The form a{ Eq.(1-5) wileeh exectly preserves
. . . - Ea
dstances in Spacetime

ct’J _ [
x|

e

but this discussion So far- Pc,r'{a,uj r_w\l.xJ te
mfmute:rma( frwaorm.a‘t ons .

! (17)

I.5. FANITE TRANSFORMATION /N 2D SPACETIME
Jhe rotation paraweter
When B M Fig. 1.4 1s not <1, we call A
("eta”) " rather thaw B . n s called
f"‘\e. ”ra}.);dt—tlj" or "boost" and ) ™ ?w&r@f )
15 a fuwnction of B.
Whew the Spacetrmé Transformation s no
l'onc]‘rr m‘-fm';t-ts:m'al‘, Eq. (1.5) becomes

X = (coshn)x — (smh n) ct
et = - (Sm']'\vl)x + (cosh vl) et
or
y

S Lo =y

usm'j the ht}v?er&oicé 'fu.nc‘ftnu‘_(‘

(1.8)
~such
cosh

C

X

-a @ -a
e.a'+e. e —-e

Cosh @ = smha =

tanh a
simh (0) = 0, cosh(0) =1, tauh (0) = 0
siak (©) = o0 , cosh (o) = o0, tauk (o) =/
cosh®*a — swh®*a =1
It s the last prope rty whch ﬂmzrw'teex

r’'?= 72 fn'r’ famie. trawsformnmations
M spacetime.

simh o/ cosh a

Rewrite Eq. (1.8) as

(ct ,]_

N

I —Tanhn f’ct‘\

tanhq .'J LK)'

fe) E?. (1.7) Mak—h-\ﬁ use o{
Coshlq_ /

cosh®y - Sm'hty? |- fauj'llll

ooshrl ( (19>

| —
~

x)i-

and compare

|
|
-

Coshzq =

Eqs . (1-F) and [1.9) are centistent if

p = tauhy (1) N = tauh™ B (1-10)
= :_;"io_ fanEr - the w —'f;shf Paffu:fps (fackqjows).
Y’ VJ-A: >

Eq (f?) £¢CAM€$ ﬁ& {,Ortﬂf% }Lf‘ﬁu.s‘fs_sr_wﬂ_g_ftit\_

thﬁn'rn‘j

{Cf ’:i - [ Y "Bjﬂ cf} or
|x -¥A Ll x
’ g (1.11)
X/= XX = gﬁct
ct’ = -yPx + yet



Lb GENERALIZATIONS OF LORENTZ
TEANSFO L MATION

- . A A
® 2D —= 4D, £ c<till abeuj X =X

ct’ ¥ -yp o0 ofct
I
X o= - .4 0 of | X (1.12)

y 0 0 ! ol |y
2’ 0 0 0 ARE: 1
N |
L 7 \ VAN I
r’ call thus A r ,
or r’ = Nr.
i
° I{ (E 1S alouj ;i rother tHio Q . J
’ = l‘l
r'= A AA r (113) |

R R
where A s a 3D spatial rotatoow

R 7 N
whach tﬁ"Sfﬂ”er ﬂﬂe f/i dartct o to
the % direction :

/ 0 0 (/] .
PR LI WD VD W I
B2 Ay gy e |
4 /\ex Ai’j Ai—i.‘ [
or a. -1 i !
[rotatfou (AR /?}'E :(/[R__){'J- JL',Q,AR IS HLO}QM!J-i
|
° I{'g 1s alown —';c instead of X, cka.ytﬁe_ .
The Srj'u d]‘— fg m {!-f?) . Thot s R i
,.)C ro /‘./ﬁ)r g dircet (.T. 1

{J(A .“5 a f(.alh{.‘.fl(i'r\l cf ﬁ)

then © = /‘.(-.ﬁ)r-' .

(-‘J'nucxre. me!? ‘h"r:-«vs-fcrwahek-

1.7, TIME DiLATION

As uswal | S and S* have The
sSame Spaltal arlj‘u\' at t=t'=o [

at’ = 'f.; —'f,’ X, %
t t o - clock at rest m S7
12 rm
ad g
2 ring

as observed at fnic({ X,

USrr-ﬁ !'jlu‘rrs: Lore uta 'fra--usfwmatro“',

buf X?_/=‘ X,’

h/o‘t; + ¢Bx
(clock frxcd m' S!,)

G'Ctl’ + Vﬁx:

ct,
ct,

n

cdt = Ktﬁt’ R !df = Kﬁffl (1.15)
S Swce y alwoys >/ the mtevval between
rings s al’w‘a{‘r; fanger" wh@.r_l measvred

a tramwe whaeh i1s Mou:yj with respect fo

S/, wheve the two evenls cccur at the

sawe place .

Since S’ 1S a unigue Frome 1w whicth fo observe
e ungue f

theginterval between these two evemts | we
asmsk a uniqgue nawe fo this fime ratecrval :

Al’.‘! s AT = '{Emetr‘t‘rm}." Mt‘t‘rua(
At = yAT
dt = ydT

(Note that the ohserver m S wses hisfher own

fine 3ra;i of clocks ewd date fojjers ‘o
measure At.)

"

Fime dilation” (I.1b)

/.8. SPAcCE ConTRACTION .
Alx{E x;—x,") measured
at any t7-

ﬂte obcerver s, wff‘:k
hic/her own
rid of clocks | rulers,

aend data foitfcr.s , measures the positions
X, avd x, of The two ewnds of the rod at

the came tume T, =t -

f”‘z rod af rest m S

Uanj ({fr{’(‘r L.T. »

L £ TR 1 T,
x,/ = ¥x, =ypct,
dx ' = ydx dx = 8/ | (1.17)

The l‘e.««jtﬁ of the rod as observed in a
syﬁe-m Movmjl with r‘(S(P!_tt to & 15
alway Sibh"'t?r" thaw ts proper ."eujﬁ\ Ax'.



The amalyss of {1-7 ] could have been done
with the direct L.T., awd that of {18 }
with the imvérse L.T. More a!scbra

mwowld be regucred +o c‘;«q.t the same reSult

[-]. EWNSTEIN LAW O0F VELocTY ADDITIOA
ﬂ-.e. ;dev\‘f:fad_

fauhﬂ + 1o uhb

(1.18)
I+ tawha tewkb

tavh (a+b) =

can be belioved 1 am.alow to the well kwoswn

taw a + fMﬁ
/@ tana toub

tan (a+b) =

or it Camn be Aerwed " a 'fe.w lines uS:r\j‘

toha = -7 (1-19)
0% 4 o
’
44 Y
Problew : a[ouja the X=x'=x" —pe
durection , S Sf
S/J\AS thdui’nr Be wrt S 'ﬂ’. “3” X5 %/
SH I&/C Sf ____'_‘ﬁ!c
"S ﬁ c S S! Su
Guwew B and #;wk&t uéf?)”? 'j by X/, x"
1——%—5!&
Since ﬂle_boosf Paramtter S s¥
N 13 addctive | we know -
x, K"
'2” = "‘_’_ rlf
But B = tamhn efc.
N ﬁ” . 'f'aak rlu _ fﬁvuj'\ (Yl'f"]})
= f@lﬂ*q + ‘fﬁﬂ'k "., u.sfv‘j. (]_;6)
I-}-T’Qvﬁq 'f"&uhrl’
ﬁ” = —éi (EmS‘f’c“t: J’aw’) (-".'25)
7%
-

[.10 SPACE TRAVEL : HUMAN CONSTRANTS

Assume thatl auw astrongul

o must be accelerated at = 9

o nust age £ 4o years during the veyage .

W hat maximuwm velowt o caw be achkieved ?
How far caw he/she travel | and how

much time will have e!apcer{ cw eacth 7

The voyage comsists of 0 years wth Q; =49,
20 years a) = -g, 10 years @y =+g. We
consider only the ffrsi-fej. To jet the
ansSwers to Cre qus‘hcuj above 5 we t‘t?n
double the First ij' dustunce awnd quadruple
The furst J’es tine .

Suppese that the astroneul at a cevtow
momentl has an ; Vdaut(f e?unf o ,S,c-_.

The astronaut s _acc-eieraftm'j and o his/her
rest frame is_nol wmertial. To enalyre .
hisJher mcton u_s{,«:? the Loreutt from ;‘fc-f'ma.'hoq_
we nHeed en 1ne,tial rewe. | %o WE r‘?fmg,
2 Comoving frome ST which s
at rest w‘:lf'fl N‘&pvct to The astronaut but
which 15 nat adcefe-ratrn'j‘

instautaneo ut;b"

In an wfinitesimal proper time ite rval
dr (=same w astronaut awd o hoving frawmes,
Simce relative Vet =1 + 2k pedee ‘_Bﬂ!i_)_;
the astronaut's va!ocd‘.f increases, relatie

to C-omovmj fmmc , b‘j 3(11‘ :

jdt’ = ({urelg Cd,ﬁret

Stnce Brol =0 awmd dB e 15 m‘fm':tesiwaffu-]

swall | -
A’Tre{ = Aﬁr@t

where f? s The boost Paramer-er. Since
the boost parameter € additive , as
seen on the earth (frome S)
n (Y +dT) n (VY + dn sot

Ar{/d"f’ g A,Br-ef/d'r = S/C
To=10yrs '
- | dndy

AT

o

%
=)
]

6’“'# = fauhqu = JH(Q.B?XIO‘?).

olag °

x
= 10.34

dr = 9%
.

x . .
The most boosted particles ' accelecat ors
(elec trous at (EP) have N = 12.2.



The distauce covered s

dx =pedt = (tankn)eledd) i
=cltanky )(cosh n) AT
=c Sl;‘krl ar r

Ax = 2¢ f;mi'wl 4dT :2cf‘3u{h (%2‘) aAr
]

2 !ejs

"

0
2z %L(caskﬁg"w—;) meters

2.84 x10°° meters

29,900 ffsbf yeers , 6r & 2% 7

‘dle SiRe crf the vwuivesse. So ouuf
A 10720 of Jt can be explored by man.

The time E.{.a‘p';'e({ on ea Th 15

At = ydt = coshy dr 1.

%o f

T {

t = shdl dr = 4Ss5an L |

4 4afu = 3° |
4leqs = 1.89 x 10'% cec '_
i

57,850 yrs (Campare 40 yrs )

o
vadox.

This last result i€ called fl'«t’fww\'
It s net a pavadox because the egrthbouwel

twin & not aCce_Iemtmj.

1.1l FOUR - MOMEN TUM

“_.i'f‘ we w:?‘l'ﬁ % wra{(h E?(i’_&) iMI tﬁe j{lurm

2
kS
(rB-r‘—q)" = c‘(tﬂ-t‘)z—(xs—xﬂfﬂ (33"—"5) —(-?B-Zﬁ_)
= 2
=R Ug
with g = inner produc t of 2 4-vectors

i spacetime , 1t must be The cote that

2

gy =gty “XgXa ~YaYa ~ %%
and that the aner Prodncf c-f any 2

4 —vectors s :.nd?f)mde..nf of rffe-fl'.-uc_.ﬂ__
frame (mveriaut +o Lorewt? ‘f’fﬂvsfcrrw‘“ous)-

_-5_

The prope r tfime nteyval dr avd the rest

mess me ave algo

L-Ofe-«'f.i‘- !K‘Jl.((aa-{lﬁ._
Form P = m:{.l; ) t‘mT rS‘

(PB’PX)PHJP}>=(WC;:_§ y m

Note that At/dr = y
So

dx pody o d

Ar dt’ AT/
so Ax/dr = g A%/4¢ .

\ de

=

(yme, ¥YMUx 5 MUy ,B/le;‘)
(ek, B

must -fm;fm-m like fe. must alsy be
a 4 -vector. I‘f rS- (‘a”ed f!{c fovr—mowrm‘lum.

P (1-20)

r-)

W(’ [ RV wr'l.ft’.
E?cf i/E/c?
P; = A P){ l le'l N as fl‘l‘ (’H’Z).
P2 [ P2 J
~

The fcnjfffzo{ P LS' Loreutz inverient awd we
can evaluate it :n-.a fmme. i whiclh fthe
CM of The systewd it describes 15 wat iu_{)v:v;j‘-
(ﬁ——o}y:r).ﬂou

P-z = Ez?- ~I}>‘f"‘ - wmic?

frue @y f.res-f
frame fnmﬂ value

Ths s the fwy\dammt‘a[ @?u.,!,trﬂvl fo—r

sofwnj relativistee kinewatc s Pmbfewc.

(1.22)

What £ E7 Make a Taszar Serce s expawhov{

2

z
M c € /v
E = g= met( I+ L= +-
(-7 y™ (redges)
For Uv«c Hus i€ E = me? + -zi.muz' where
the Jast term 15 the nonvelatevishic

Einehe Cuergy. e u»r"fl."rpr'ff the -{-usf
1erw as The rest mass epercy :

mer + T (1-23)

E = ymcf

ffafal' energy { £ ke h.ceﬂwskr

redt mass f,ne..rs-lr
We see The pasc{bfh‘ij of cpwertmj rass
fo energy (lots of energy becavse ¢ s !arsa) :



1.12 cComMpTonN (PHOTON—ELECTRON) SCATTE RING

To lustrate the powe r o]f Eqﬁ-’&?) ](or' ‘
solvin. problews w relativistic kimewalics,
we. consider the Scaﬂﬁ’rwj of a qua uTuim

of Irjkt ( moscless yfr' oton) Bf! awn electron al rest.

- T

./ mass
)
<
\ photow

f
P P’ c‘{} = 4 —ppomenta

pheton e

EAY A VAV WS S [ ]

{4

p = (mc,,-O‘) because target electvon at rest.
g = (95,94,0,0)
Sinee phston moccless | g-¢ =0 6:’ gq. (1.22),

Se g, = ?o and we can write
i’ r .

? = ?oJ?o , 0)0); q = (?of, ?DuSB,ff;SmG,D)
Poblew @ whot s the :e.(atn'onsh:'P between
the ﬁ'ua{ Piﬂt'lCﬂ eﬂerEﬂC?J a vd ite fwﬂl
dujfe € wrt X7

Use enﬁrjyﬂmomt’u{uw agnle ri/aftop{ =
4 —nromeptum conservation :

q+p = ?’-,l-P' (thes s 4e£fu.at|bns!)

99 +p = P’ ,
(-9 +p]-lG-70+p] = P-P

(?—?')'((r.,?’)-;-ZP.(?,?:)‘PP.P "P{-P'

7°9-29:9"+9"q"+2p- (g=9D ¥ pop = p"p’

0 - ey (me)
2p-(q-9) = 2q-q’

me,0,0,0) (9,9, 9o~y 038, =¢S5 B, 6) =
= (90,%,9,0) - (70,)?50059 ,qJsm'6, 0)

T foFome
(1-24)

!

me (9099 ) = 9090 (1-086)
T o)
l 7% %

! 1
-;&(I—MQG-)E

This 1s AH- Cowp_iwl's fam.oui fr_nrw.uf&‘
L:Oﬂthrﬁna(u 4 s mu_fff@)hed bxf
Plavck's constoqt h, with the P}«.oton
wavelewdh A = h/g, . The n

f (d£., PrdEs)

}Af_ N = Ao(hougeﬂ with (1.25)

Ao = A/ mc

- -

A , the Compton wavelength sf the electon | s
/\ =

a4

27 x 386 X 0715

Plawck’s ceapstent s
h = 2a X .58 x FO-—'b eV sec.

/.13 SPACE _TRAVEL : PRoputStons CoNSTRAINTS

Aaawm cansider the spaucraft as viewed . i
in the cowmoving frame { $1-10) . In mfonitesimal
prope r time riterval AT the rocket weoleor

ejects ,pa.r'trrife #1 width enerqy de, avd
relatwe vefodtjo g -

T B
1~
P = (me, 3) (d.h«\ d?flltl"d
M: po&ﬁ.we‘)
..--.ig.‘#_' m—dm_/‘ —
E’ 1 e dp

-~
((ﬁ-«im)c + mz{éé{z, mcdﬁ)i P

In osc-jnwf the 4 —momentum to 'bar‘hcft‘ #1,
we med.,, p = (azmc.,xﬁmc) so that

?/Pa =g. In asm;m}j the 4 —neowevtuwmn
te the §(Pauu:raft, we used the fact that
(as viewed 1 the c:mo\/wj frawr_) the
sﬂpace.ua}if S nenrelativistic | so that

E ~ me*+ -!imu"‘.

I-f we asSume @ Pe;frc‘[h! e\fFrc:aer emg{nt ,
(.e. no heat energy radiated 1 rawndom
Alrpctlon5, both e“%‘f and ned neewlbne

will be conse rved :
‘ neglect , 2" oder

?DO = ',P" + P/ m :nff;rtfsfmﬁts .
}MC— = (f_f, - Cb(‘d’“_)f- + ™M d—ﬁ“}z (t‘;ﬂoerhtke
O = ‘g, 6{_CE" -!-mcdﬁ ( 56;:;?‘{ €

Su.b$+i"tu.{'wjl ic_E.J = CAW' ‘f\mm t‘!e 'ﬁmeb‘l':(?.
e?'._"!, the Scpaoekae: e75- becoines

B | = 1B 2.
Agam we set HE (2 dn , where n 5 the

boost , smca rocket 1S nonrelativestec
n mmuwﬂj frawe.



A addit onal porticles (#2,%3, etc) are
ejectec{, the boosts [{vh are addtive .

M final Iaiml
qﬁm'l-(qoao) = J B,
g
) ’?{rha.{ ﬁ;luyﬁ al (1.26)

Chemcal roclcet engines achieve maximum’
B, ® 4 x 03 ru/setci_./c. A .33 x /0™S .
Theu to achieve a booSt of 10.34 (sece
él !0) re?u.:res

An Mo
Mg

My = mo % (@ number beyond
calcu la tor l’MjC)

)
- 7.8 x10

Chenucal er\;lnes will not suffice.

Relativishe eug.nes emit Parffch’s al B, =1.

If TJ*{‘L{ were it gffrt,ae«t

Mo
An ‘;;f

= 3.1x 0

10 -34

% m

¢
Manned paqd'oad requres Mgz 10T
'f-a‘r .’f& Sup{:rrt “LLQ"
= 3.1x :0 T

°

3 a rocket heavier thoam an awcroft carmer_ |
(< 10°1)

Note that Eq. (t-26) becovmes

- mﬂ
Vsl = €piIas2

,‘]C the eﬁ'tdlwf.-t € c’fv the ¢ mnc, e
: f /
i wnol umt-j.

(1-2%)

Prese ut relativistic t’.wf‘}(r\( cauc,epls .

e are grns‘cl;[ IK‘C‘fIC—-a"e#é (e «,)
o Jeave moSt a'.f the 1 r fuel on board
so thal my/m, caunot be < 1.

(Exawpie : laser Powucd by bqtteries)

L{)Nn{‘f
mve ranl

1. 14 OTHER FOUR —VECTORS

In addut iow to

= (C.t, 'f>
p - (E/c.,:ﬁ:\ (Ez ymc?, ?iymﬁj >
jfreq;;e,.«thj eucountered other 4 —vectors
xre a
- o) - S=42 42
3 = (g—a-t,—V) (\_/‘"“-;‘ “fa‘j“ %)
t-k-v)
(g)C: ) -E) as €{(w
{_, “wa ve vector"” (1 28)
o = a,ugulor ffeti.
A = A) “vect
((P ’_h/ __/ Pict::;ta[ “ (!-2‘?)
} B & YUXA
where o wn BA
Z £z -V cat
Because cot Prpc{,ucts of 4-vecters are
L,Drt?ut%‘ IH.VRV'G.Kt , S0 are
R-r & wt -E,’-" "Pka se c\f o wave
0.0 = e X 9% "DAlewbert ian”
; = 0 —C_I;tt“- D Alembert an
2.A = 9¢ L¥.A (=0 when A
Cbt gat;,gfIQS tb\t_’ \
" oreate 3au‘jt‘. Mt‘“"; ﬂ/
Wheu the "de Bro J'é-mowgufum” equatio
ldﬁfv. h/A ié uwbrnf’({ Wlflﬂ t{la.
"Plewck frf' quewcy " ??uq‘t tow E =hv ,
L&Su&j‘
IEl= 21/, , (1-3+)
both Eﬁmtemt can bt ?umman%rd b\r
(3)ep < fel= B(2B)  4a

f Qtﬁlg rS- 4 @?uatlov\‘.s)
”3904'!.;'0{1:284 de Br‘ujl.é eqi

Another 4-vector s

dewns -ht..f {es u/cm'?')
s =y LN
(cp, J >

Current dens hf (eSu/cm L sec)

_7__

§ o

-af+T7‘-j=0

(1.32)
(¢ kﬁrjﬂ. Conge rmttav\:)
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The fo ot that

v

1 (v a0 o] (¢
Ax | _ -yP Y o o | Ax
Afz 0 o t ol | Ay
As o o o 1) | A
and B= UxA . | cgs
E --Ve— 2t [unts!

lea As o{{sr some Cdg,ebrq teo '{f«_(; )Lo.h"ouumj

tru us‘fffwa‘t'mv( ??udfn‘mi ‘f'rr' E and B

F

' -

, = {(El-kﬁ\( B)

Ji = x( Bf_gx E) (1.33)
E, = E,, B// = 2y

A 7
where ”_L“ means L to B awnd "

A V4
means Para”f[ to ﬁ‘

A consequence of Eq. (1-33) e that
EF - BF 1s a loreutr mvariant.

1.1 RELATIVISTIC DOPPLER SHIFT

-

S/ Lj’ “ L:il S
rad pe
Sowrce 0
Apph, the durect
Lore atz -f'ramsfo“rm.a'hou' e/v -
(£q. 1-12) to the x,x’
wave 4-vecter b (£g.1.28) C dbserver
, Ve
W/ w/ c a"fo_;?' "
S NRIS
ke ke
/
= %J = (-C“{ —((Sk,( (1-34)

lab phase

Let the, ug)‘ou‘i‘j of the wave be RAgc
(B =1 for a light w“”e)'('rapen'oa)

B|= 2 . w4 2MY . w
I A Bsc T Bsc Bs¢
So Et-? (1-34) we may wite

Ry = lE[ oS = _(’-‘:]E oS B . Then

s

w/

XU)(!— ﬁussj
S

Relatiuishe

{w —(—%‘_ )| Dopp! (1-35)
¥ (1-L-cosé oppler
35 S}uft
S,rotcm;[ casSes :
o light wave =2 Bs=1
w = __.,f:{_“.’ (|3b>
(1 -Bcose)

o/ aPPmachmj (8=-0)

! | Legt wave :
erCedluj (e =T

.
! -+ z
o s - (B
y(1zp =
© s =0 (Source s at %emrt‘.h) where

HOHrel‘a'ttUlﬁ‘f'léa{[wl the;c (s ne
Doppler shift):
! 'Orfllna-r;.
o % ’ T-:Tfh/ (‘f':mé I
da'fatw»i

¢ ﬁ«f

w?’ U.J/
W= 1- 8, ) Vs,
SO ;_,_ﬂ-.usa
Ps

) Vwave
C.—. freskmau PIA?QH:!. Dopple( shaft, Note

sonic brim at cos6 = Ve /Vsowrce - )




